Abstract-The 3D printing technology allows the low-cost creation of structures based on user-defined configuration parameters. Unlike other plastic-forming technologies, there is no tooling cost related to the creation of a mold. Because of this, highly-customized structures can be created with a minimum production quantity of one, allowing adaptation to individual mission needs (for a single-HAB mission) or the change of the structure across a multi-unit run (e.g., to test various configurations or as part of a study requiring multiple payloads with different configurations). This paper considers the mission possibilities enabled by the use of 3D printing for HAB structures. These mission types include low-cost student-centric missions, atmospheric and other science missions and engineering development and testing missions. It presents two case studies to illustrate this point: the first is a low-cost approach to flying multiple small student payloads as part of a larger structure. The second is an engineering testing mission for a small spacecraft. The benefits of using this approach (as opposed to other techniques like foam-forming or the creation of custom metal structures) are considered.
INTRODUCTION
The additive manufacturing (better known as 3D printing) technology is enabling numerous different applications across varied fields. It has been used for fabrication of plastic and metal parts, food production and even in the creation of medical implants and replacement tissues. Unlike traditional manufacturing processes, 3D printing allows single-run production on an as-needed basis. This allows parts to be customized to need, instead of produced en-masse.
This paper looks at the application of 3D printing to the creation of high altitude balloon payloads. It discusses the possibilities enabled by the use of this technology and evaluates the comparative benefits of the approach. Legal and technical implications are discussed and impediments considered.
Finally, prospective future missions are considered.
BACKGROUND
This section provides background information on the topics of high altitude ballooning and 3D printing.
High Altitude Ballooning
High altitude balloons (RABs) are used for a variety of applications. In some instances, they provide satellite-like services at a fraction of the cost; in other cases, they deliver distinctive services which the balloon is uniquely able to provide. Approximately 700 HABs are launched twice daily for weather prediction, meaning that more HABs are launched in a week than there have been manmade satellites in the whole of history [1] . Several types of HABs are available, one of the most common is a latex balloon (shown in Figure 1 ). Their utility for scientific missions [2, 3] , engineering demonstration [4] and education [5, 6] purposes has been demonstrated. A framework for HAB mission design was presented in [1] .
The operations of HABs are governed by Part 101 of the Federal Aviation Regulations (FAR); however, these regulations fail to provide the degree of specificity necessary to inform operations, instead (particularly for smaller payloads) prohibiting the creation of a hazard (but failing to define what a hazard is within this context) [7] . A set of operating standards [7] has, thus, been proposed to provide a more substantive set of guidelines for acceptable (and unacceptable) conduct. 
3D Printing
The 3D printing additive manufacturing technology has been described as being like "ink-jet printing, but with materials" [8] . It got its start in the 1970s. Dimitrov, Schreve and de Beer discuss [9] its roots as an offshoot of inkjet printing, while Bradshaw, Bowyer and Haufe [10] attribute its formation to a1974 New Scientist article by David Jones and a patent application (for which a patent was issued in 1977) by Wyn K. Swainson. In the intervening years, the technology has declined in cost to the point where consumer-grade 3D printers are now on the verge of availability [10] . Covered by several US patents and pending applications (e. g., [11] [12] [13] [14] ), these technologies have been heralded by some as potentially starting a "new industrial revolution" [15, 16] . They have also sparked a lively debate about the extension of intellectual property protections to physical items [10, 17] and found use in the creation of artwork [18] .
The type of 3D printing considered herein is based on the ink-jet style using plastic (though other techniques, such is metallic 3D printing are possible [19] ). This type of 3D printing is used because one of the key benefits relevant to this work is the availability of the 3D printing technology in numerous environments -this availability is currently 2 limited to plastic-printing hardware. These printers (such as the MakerBot shown in Figure 2 ) have been demonstrated to be effective educational tools [20] , either providing benefit via the design, control and other skills that can be taught through the fabrication process or through the use of the items produced [21] . 
MISSION POSSIBILITIES ENABLED BY 3D

PRINTING
This section discusses prospective types of missions that could be enabled through the use of the plastic-type 3D printing.
First, low-cost student-centric missions are described. Then, its enabling potential for atmospheric and other science missions is considered. Finally, 3D printing's utility for enabling engineering development and testing missions is discussed.
Low-Cost Student-Centric Missions
Using the form-factor suggested for the PocketQub [22] to enable experiments similar to those performed by Verhage [5] using foam structures, a 3D printed tray to house 5cm x 5 cm x 5 cm 3D printed student project boxes could be constructed. While HABs do not have maximum volume limitations (such as those imposed on CubeSats by form factor standards [23] ), they are practically limited by the materials available to students and mass limitations imposed by the FARs.
A tray, such as that shown in Figure 3 , provides an easy way to allow multiple student experiments (of the form factor shown in Figure 4 ) to fly together on a single HAB launch. These experimental units can be custom printed to hold whatever electronics or other materials may be required. They are then placed in the tray (which has an indentation to hold the unit in place) and are strapped down. Multiple trays can be attached to a payload train to facilitate the launch of numerous student experiments, up to the mass levels allowed by the F ARs. 
Atmospheric and Other Science Missions
The use of 3D printing can also enable low-cost atmospheric and other science applications. The value proposition for the use of 3D printing for these types of missions is allowing faster creation of custom structures, reducing costs (as no mold, etc. must be created to create the structure), allowing refmement both quickly and inexpensively and facilitating the fabrication of more complex components [24] . The use of 3D printing, thus, may facilitate investigations without extramural funding, in an academic environment and the refinement of parts to best-suite an application. It may also be used for 'seed' experiments to demonstrate a concept to facilitate seeking funding for more extensive experiments.
Engineering Development and Testing
The 3D printing technology allows rapid prototyping for engineering development and testing applications. While not appropriate for all cases (e. g. , due to the limitations discussed in Section 6), 3D printing can facilitate the rapid creation and testing of structural and functional components 3 for use in testing sensors, integrated subsystems or even entire space or 'near-space' craft.
While cost and flexibility are certainly relevant to this category of mission, the key benefit here may be the rapid nature of 3D printing, which could allow components to be designed, printed, flown and tested, and redesigned (beginning the entire testing process anew) with minimal delay. The availability of low-cost 3D printers, if suitable for the application, allows this to be done on the investigator's schedule, instead of requiring him or her to wait for third-party prototyping and shipping.
CASE STUDIES
Two specific uses for 3D printing are now discussed. The fust expands the multi-student tray concept mentioned in Section 3 to a greater level of detail. The second discusses how 3D printing is being used in the OpenOrbiter small spacecraft development initiative [25] as part of CubeSat design and fabrication.
Low-Cost Multi-Student Payload Mission
For several years, North Dakota Space Grant has sponsored a state-wide student payload development competition [6, 26] where students from middle school to college design and develop payloads which are flown as part of a state wide high altitude balloon launch. The structural integrity of these payloads has varied significantly. Verhage [5] conducted a similar experiment on a wider scale. For Verhage's experiment, many of the components required by the student teams were provided.
The North Dakota program, conversely, provided funds for schools to procure parts.
The 3D printed structures would enable student teams to design their structures and have them printed for minimal cost (presuming the pre-existence of a 3D printer) at a central location. These structures could be checked for compliance with the mounting platform prior to being printed. While Figures I and 2 describe a 5 cm x 5 cm x 5 cm form factor, other sizes are possible (e. g. , supporting a lO cm x 10 cm x 10 cm fonn factor, like that used by CubeSats [23] ) would be possible; though, it may require multiple components to be printed and attached to print the platfonn.
Small Spacecraft Testing
The use of 3D printing as part of small spacecraft development has been demonstrated. The OpenOrbiter program, for example, developed a non-traditional form factor [27] which was tested (and which prospective components were tested with) using 3D printing. A diagram of the OpenOrbiter design is shown in Figure 5 . The 3D printed version (shown with a CubeSat of a typical configuration) is shown in Figure 6 .
In addition to the use of 3D printing to validate the physical interoperability of subsystems and components, 3D printed structures could support early-phase testing of system operations in the space-like environment of a HAB flight (note that testing in a relevant environment is a key criteria for technology readiness level -TRL -advancement [28, 29] ). This would allow testing of systems that may require a low-pressure environment or near-orbital elevation from the Earth to be tested prior to incurring the monetary and time costs of fabricating the spacecraft out of 'space-grade' (e. g. , metallic or carbon fiber) materials. 
COMP ARA TIVE BENEFITS OF ApPROACH
Campbell, et al. [24] present several benefits of the 3D printing technology. Relevant to HAB use, this technology, they note:
• Allows the creation of multiple types of objects without retooling In addition, the use of honeycomb filling techniques by many printers results in lower-mass structures. While this may not be desirable in many applications, for HABs (presuming desirable levels of structural integrity are created) the lower-mass facilitates compliance with mass limitations (discussed in the subsequent section).
Several impediments of the 3D printing approach are also identified [9] :
• Porosity of products produced 
LEGAL AND TECHNICAL IMPLICATIONS
This section discusses regulatory and technical impediments to using 3D printed HAB structures. First, applicable FAA regulations are discussed. Next, conditions at 100,000 feet are considered (along with their impact on a 3D printed plastic HAB payload). Finally, ways to mitigate these technical issues are discussed.
FAA Regulations
FAA regulations impose three requirements on HAB payloads that will now be considered [7] ; more extensive requirements have been proposed as part of the proposed code of conduct [7] . First, in some circumstances they dictate a maximum level of mass per-square inch of surface area on the smallest area of the craft. Second, they require that the payload not create a hazard for those around it. Third, they specify maximum mass levels that can be flown without having to obtain FAA permission for the flight.
The surface area consideration dictates some elements of construction. In the context, for example, of the student experiment, it would dictate a maximum mass level for each student experiment. This same concept would be true in other cases; however, this could be mitigated via the creation of an artificially large structure (containing the structure of the desired size) to maintain the required level of surface area for the desired mass level. This would likely not be desirable for the student experiment tray, to allow experiments access to the outside environment (e. g. , for imaging, etc.).
The requirement not to create a hazard creates several different considerations. First the structure must be able to survive flight and impact. The custom-printing of the 3D printed structure allows the creation of right-sized compartments to prevent the movement or loss of components (with foam structures components might break loose and crash through the side of the foam). On the other hand, the structure must be tested to ensure that it can survive the flight-termination impact on the ground (without unacceptable loss of structural integrity).
Finally, the 3D printed structure, due to its light weight, is well-suited to helping meet the maximum mass requirements. Customizing the structure to suit the exact needs of the mission may also serve to reduce mass levels.
Conditions at 100,000 Feet
From a durability of the 3D printed structure perspective, two key conditions exist at the 100,000 foot altitude (which is the approximate burst altitude of many latex HAB flights). These are cold temperature and low pressure.
Other conditions, such as higher levels of cosmic radiation exist, which may make the environment desirable for certain scientific missions (e. g. , [2] ).
Limited testing has been performed with 3D printed structures under both conditions. Particularly if use in a longer-duration mission (such as would be enabled by a super-pressure or zero-pressure balloon [1] ) was contemplated, additional testing would be required. The low temperature can make the plastic brittle and more prone to breaking. The low pressure can cause the plastic to rupture to allow air trapped inside the 3D-printed structure during printing to escape.
Mitigation of Prospective Problems
The issue created by the low pressure conditions can be resolved in several ways. First, walls and other areas that might otherwise be filled in with honeycomb reinforcement (or similar structures) can be made solid. However, there may still be small air pockets that may deform or rupture. Second, exterior walls can be made thick and durable 5 enough to withstand the pressure differential. Both of these solutions, however, increase the mass of the structure by using more plastic. Third, the structure could be vented. However, this may make it susceptible to sinking (and not protecting components inside, depending on how the venting is designed) in the case of a water landing.
The selection of a plastic type may be an approach to mitigating the impact of the temperature-induced brittleness. Testing related to this is a subject of ongoing work.
PROSPECTIVE FUTURE MISSIONS
The versatility of 3D printing can serve as an enabler for the missions discussed previously as well as a wide variety of other missions. It is well-suited to the creation of prototype payload structural and mechanical components. It can also be used to create fleets of similar or slightly modified payloads. This prospectively enables new classes of missions, where numerous balloon payloads could be launched concurrently to test several different aerodynamic or other configurations at once. It also enables students to think outside the box (in the way proposed by Swartwout [31, 32] for university-class space missions) and create innovative new experiments for launch into near-space.
HABs represent a low-cost ($400-$700 approximate cost for a balloon, helium and vehicular costs for recovery) way to access a highly-inspirational near-space environment. In addition to the technical experimentation, scientific experimentation and educational benefits they provide, the experiential benefit cannot be discounted. Giving students the chance to touch the edges of space may inspire interest in the U. S. national space program in a way that few other things can.
CONCLUSIONS AND FUTURE WORK
This paper has considered the use of 3D printing for high altitude balloon missions. It has described several different prospective scenarios for their use and shown how they have been used for satellite development and could be used (building on prior uses) to enable a multi-student mission. The suitability of the 3D printed structures and compliance with applicable regulations has been discussed and the enabling potential that it offers has been considered. Future work will involve the continued characterization of the 3D printed structures in low-pressure, low-temperature environments. This work, while initially supporting greater use in HAB payloads also serves to begin the process of TRL-increase characterization of 3D printed plastic structures for future potential orbital use.
